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Abstract 
Soil moisture is an important component of numerous systems, influencing crop 
development, and runoff and infiltration partitioning, among other things. However, due to 
its spatial and temporal variability, it is difficult to estimate soil moisture consistently using 
conventional techniques such as gravimetric sampling, which is point-based and time-
consuming. Therefore, to overcome this drawback in soil moisture estimation and mapping, 
and to facilitate its measurement spatially and temporarily, remote sensing in microwave, 
visible, near infrared and short wave infrared is being explored and is proving to be a 
promising technique. But to develop models using spectral data there is a need to validate 
these models using ground truth data collected using gravimetric measurements and various 
dielectric and capacitance probes. Theta probe is one such dielectric probe, which is widely 
used by the remote sensing community. Not only does soil surface conditions change the 
response of reflectance data in various spectral ranges but has been observed to influence the 
measurements from Theta probe. As a part of this study an attempt has been made to 
understand the influence of soil temperature, roughness and crusting on Theta probe 
measurements by analyzing moisture content as a function of time. A nonlinear relationship 
was observed between the actual moisture content and Theta probe soil moisture content. A 
t-test conducted on the estimate of temperature concluded that the effect of temperature on 
Theta probe measurements was insignificant, but there is a possibility that soil surface 
conditions involving soil roughness and crusting could be a reason for observed nonlinear!ty 
between actual and Theta probe measurements. Therefore, future work is suggested to test 
the feasibility of using Theta probe under different soil surface conditions. 
iv 
Thesis Overview 
This study focuses on the effect of different soil surface conditions on soil moisture 
measurement. Section 1 introduces the concept of soil moisture and various techniques that 
are being used to estimate it. It also discusses the advantages of remote sensing techniques 
over conventional techniques, and the use of the Theta probe to collect the ground truth data 
for validation of models developed using spectral data. This section highlights the possible 
concerns that might arise due to spatial and temporal variability in the soil surface conditions. 
In addition to discussing the working of Theta probe I have pointed out the limited literature 
availability related to the calibration of this probe and a need to study the effect of change in 
soil surface conditions on Theta probe. 
Section 2 describes the importance of this study and helps us to formulate an objective for 
this study. This section describes and uses the data that collected during a study that was 
initially the main focus of my research. However, in the course of this study, some 
interesting observations about the Theta probe were made. Section two thus concentrates 
upon the response of Theta probe under different soil surface conditions. In this section, 
moisture content recorded using Theta probe is studied as a function of time. Different soil 
surface conditions here pertain to combination of different degrees of roughness and crusting 
induced in the soil surface. This section helped me to further clarify my point and helped me 
to develop an objective for the following study. 
Section 3 focuses on the achieving the objective outlined in section 2. It describes the 
material used, experimental set up and data collected to test the hypothesis developed in the 
earlier section. It outlines the two tasks that should be completed to achieve the objective. 
Section 4 and Section 5 concentrates on the results obtained after analyzing the data 
collected. This section discusses the results obtained and gives a conclusion. Section 5 also 
gives some recommendations for future research. 
1 
1: Introduction 
In general soil moisture, or soil water content, can be defined as the amount of water held in 
soil pores. Soil moisture is one of the parameters which significantly influence hydrological 
models, as it governs the partitioning of precipitation into infiltration and surface runoff, and 
affects évapotranspiration and crop development. Through evaporation and transpiration it 
also affects weather patterns as it controls the exchange of water and heat energy between 
atmosphere and soil surface. Incorrect estimation of surface soil moisture content can affect 
the performance of hydrological models used to simulate water exchanges at the soil-
atmosphere interface and the time evolution of surface soil humidity (Ottle and Vidal-
Madjar, 1994). Antecedent soil moisture content is an important factor to predict 
hydrological response of the natural landscape (Wooldridge et al, 2003). Soil moisture 
content is also important for eco-hydrological modeling, which helps in predicting vegetation 
response to change hydrological boundary conditions (Joris and Fey en, 2005). 
In addition to its importance in modeling, soil moisture also impacts soil aeration, soil 
erosion, movement of nutrients from the soil to plant roots, toxic substance concentration and 
microbial activity in the soil. Because of its importance for proper growth and development 
of a crop, it is also an important piece of information with respect to agriculture. Knowledge 
of root zone moisture content is useful for irrigation scheduling (Starr, 2005) and crop yield 
interpretation. A three year study by Machado et al. (2000) showed that moisture plays a 
significant role in the variation of corn yield. Furthermore, several studies have shown that 
the soil moisture availability, especially at the time of sowing, can affect the yield of wheat 
(Power et al. 1961; Stewart et al. 2002). This suggests that for some crops, near-surface soil 
moisture is important for crop yield, since at the time of sowing, it is the near surface layer 
that is in contact with the seed. 
Because of the critical role of soil moisture in crop management and hydrology, accurate 
estimation of this parameter is important. Gravimetric measurements, tensiometers, neutron 
probes, time-domain reflectometry (TDR), and impedance probes are a few of the methods 
that have been used to measure soil moisture content. Gravimetric analysis gives a measure 
2 
of the amount of water present in soil as the difference between the weights of the soil 
sample before and after drying it in the oven. Tensiometers measure moisture content as a 
function of the pressure with which water is held in the soil pore space. Estimation of soil 
moisture content using a neutron probe is based on the principle of decreased speed of 
emitted neutrons when they collide with hydrogen nuclei present in soil. The detection of 
number of slow returning neutrons gives an estimate of hydrogen present in the soil, and is 
thus proportional to the soil moisture content. TDR, at a range of frequencies, measures the 
apparent permittivity (which is related to relative permittivity) of soil, from travel time of an 
electromagnetic wave, and which is correlated to the soil water content. Impedance probes 
measure the dielectric properties (relative permittivity) of the soil-water-air mixture at a 
single frequency, from which the volumetric soil moisture content can be inferred. 
Unlike a number of important parameters that affect hydrologie response and crop growth, 
such as soil texture and topography, soil moisture in an agricultural field varies in both space 
and time. As a result, for estimating and mapping soil moisture over large areas and on 
repeated occasions, point-based measurements techniques such as those outlined above can 
be tedious and prohibitively costly. 
Another approach, remote sensing, is therefore being explored for soil moisture estimation. 
Remote sensing is a technique to acquire information related to the earth's surface, oceans 
and atmosphere by sensing, recording and analyzing reflected and/or emitted radiation in 
various regions of the electromagnetic spectrum. It is capable of covering a large number of 
fields at once through aerial photography or satellite imagery. Remote sensing is a 
particularly valuable tool for obtaining data from remote areas where ground measurements 
are not feasible, or from large areas that would require a high cost investment for adequate 
monitoring. 
Research has shown that remote sensing can be used to measure soil moisture. The most 
advantageous electromagnetic region for remote sensing of soil moisture is microwave 
region (Kerr et al. 2001). Microwave remote sensing has the capability of direct 
measurement of soil moisture content at watershed scale under diverse conditions over long 
periods of time (Filho et al. 1996, Jackson et al. 1999). It remains largely unaffected by cloud 
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cover and variable surface solar illumination (Njoku and Entekhabi, 1996). Also, the soil 
moisture retrieval from microwave remote sensing data, based on statistical regression and 
using radiative transfer models, show satisfactory performance even when a considerable 
amount of vegetation is present (Narayan, et al.2004). Microwave radiation has the ability to 
penetrate into the soil profile, up to several centimeters and potentially up to one meter; as a 
result this spectral region is being used to estimate soil moisture near the root zone of plants. 
Other types of remote sensing, in the visible, near infrared and short wave infrared 
(VIS/NIR/SWIR) spectral regions, have also been used for soil moisture estimation and 
mapping. Though VIS/NIR/SWIR bands have shorter wavelengths, 300 nm to 2400 nm, and 
have penetration depths of only a few micrometers, studies have shown that reflectance data 
from the soil surface can be used to estimate the surface (0 to 7 cm) soil moisture (Kaleita et 
al., 2005; Lobell and Asner, 2002). Soil moisture is one of the many factors which affect the 
relative reflectance from the soil surface within these spectral regions. With increase in 
moisture content relative reflectance decreases and there exists a nonlinear relationship 
between relative reflectance and soil moisture for low and high moisture levels (Liu et al, 
2002). Though linear models are good approximations, exponential (Muller and Decamps, 
2001; Kaleita et al., 2005) and inverted Gaussian functions (Whiting et al., 2004) of VIS, 
NIR, and/or SWIR spectra have also been used to estimate the soil moisture using reflectance 
data. 
Regardless of the wavelengths or bands used, estimation of soil moisture content through 
remote sensing requires that appropriate models be developed to convert the measured 
upwelling radiation into soil moisture measurements. The quality of the models is determined 
through the process of validation. Validation is the process of determining the degree of 
accuracy of a model with respect to the real world and assessing sources of error and 
uncertainty in the resulting model. Validation, then, is a tool to assess the quality of a model. 
Therefore, to validate the models formed using remote sensing techniques there is a need to 
collect ground truth data under a number of conditions. Usually, due to the relative speed 
and ease of data acquisition, automated measuring devices such as TDR or other dielectric 
probes are used. 
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Adequate validation of remotely sensed measurements of soil moisture using ground truth 
data requires that the dynamics of and influences on the ground-based measurements be well 
understood. There are two related issues that come into play. The first is that in many cases, 
particularly within agricultural fields, the conditions of the surface change over time, which 
may affect the remote sensing retrieval algorithm. The second is that these changing 
conditions may in fact change the behavior of the ground truthing instrument itself. 
In particular, the roughness of the soil surface is not constant, due to both intentional and 
unintentional disturbance from agricultural equipment, and due to the natural smoothing of 
the soil surface from repeated rainfall events. Another factor that is not constant is the 
presence of a crust at the surface. Soil surface crusts form after intense rains, when small 
particles that have been detached from soil aggregates settle into fine pores at the surface. 
These changes in condition may change the moisture response of the surface, and thus are 
important factors to consider when analyzing remotely sensed data. 
These factors can affect the remote sensing data. Soil roughness tends to decrease the 
reflectance from the soil surface in VIS/NIR range. This decrease in reflectance due to 
roughness can be attributed to the scattering of incoming radiation, that is, multiple 
reflections between soil particles. In addition to this, shadowing by coarse or fine aggregates 
also results in lower reflectance. Shadowing causes the surface to appear darker as compared 
to a smooth surface. Soil albedo, a measure of soil surface reflectivity, is highly sensitive to 
the roughness. The degree in soil reflectance has been observed to increase due to decrease in 
surface roughness (Matthias et al., 2000). Crust development causes significant spectral 
differences between the crusted and non crusted soil samples (Ben-Dor et al., 2003). The 
spectral reflectance in VIS/NIR spectral range has been observed to be higher for the crusted 
samples than in non crusted soil samples (Ben-Dor et al., 2004). On the other hand, soil 
surface roughness reduces reflectance by a significant amount (Escadafal et al., 1990). 
In order to interpret estimates of soil moisture content, either remotely or from in situ 
measurements, it is important to have an understanding of the effect of changes in the soil 
surface on the soil moisture estimation. Although reflectance, especially in the VIS/NIR 
region, is affected by numerous factors such as soil texture, mineral composition and organic 
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matter content (Palacios-Orueta and Ustin, 1998, Ben-Dor et al., 2002), most of these other 
factors are constant for a given soil. Thus, once the spatial patterns of these factors have been 
established, they will not change dramatically over time. Factors like soil roughness and soil 
crusting, however, vary in both space and time, and thus their impact on remotely sensed 
estimates will be more difficult to account for without a full understanding of their likely 
impact on soil moisture content itself. 
Furthermore, these changes in the soil surface can change the relationship between the 
dielectric constant of the soil (as measured by an automated soil moisture sensor) and the true 
soil moisture content. Most dielectric probes must be calibrated for soil type, but these 
calibrations generally do not consider changes in the condition of the soil. The measurements 
from dielectric probes may be affected by the presence of air pockets or gaps in the soil 
profile (Delta-T Devices Ltd. 1999). The crusting of the soil leads to the development of 
cracks and thus creates air gaps. Also, the presence of roughness creates air pockets in soil 
profile as well. When induced during tillage operations in the field, the structure of the soil is 
altered and some air gaps are bound to be formed in the soil profile. Thus, understanding the 
response of dielectric probes to changes in soil structural conditions are important for using 
the in situ data to validate remotely sensed estimates. 
In addition to surface conditions, soil temperature is another factor that might influence the 
measurements from dielectric probes. Impedance probes, particularly those working at 50 
MHz, have shown some dependency on soil temperature (Seyfried and Murdock, 2004). 
Though the dependency on temperature has been reduced in later designs, early versions of 
the Theta probe have also shown slight changes in output across a 25°C range of 
temperatures (Gaskin and Miller, 1996). 
One soil moisture probe that is frequently used in remote sensing validation studies is the 
Theta probe (Delta-T Devices, Cambridge UK, marketed in the United States by Dynamax, 
Inc., Houston, Tex ). For example, this probe was used to collect soil moisture data during 
the Soil Moisture Experiments (SMEX) held in Iowa in 2002 and 2005. The focus of these 
experiments was to evaluate the existing techniques, like microwave remote sensing, in soil 
moisture sensing and understand the effect of soil moisture and field heterogeneity on land-
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atmosphere fluxes. During the SMEX experiments, data was also acquired to validate EOS 
Aqua Advanced Microwave Scanning Radiometer (AMSR-E) for brightness temperature and 
soil moisture retrievals (Njoku et al, 2004). Jacobs et al. (2004) have used these Theta probe 
measurements to investigate the field scale variability and time stability of soil moisture, in 
order to aid in using in situ point measurements for validating remote sensing measurements. 
The Theta probe (Fig. 1) is an impedance probe which generates 100 MHz signal and 
measures the impedance, a measure of opposition to a sinusoidal electric current, of the 
sampling volume. The generated 100 MHz sinusoidal signal is applied to a specially 
designed internal transmission line that extends into the soil by means of the array of four 
rods. The impedance of this array varies with the impedance of the soil which affects the 
reflection of the 100 MHz signal. These reflections combine with the applied signal to form a 
voltage standing wave along the transmission line. The output of the Theta probe is an analog 
voltage proportional to the difference in amplitude of this standing wave at two points. The 
sampling volume is a 4 cm diameter cylinder of 6 cm height surrounding the center prong of 
probe. The manufacturer provides a general calibration for mineral and organic soils, but 
recommends soil specific calibration for better accuracy. The rated accuracy if the general 
calibrations are used is ±0.05 cm3/cm3 for temperatures between 0°C and 70°C. If soil-
specific calibrations are used, rated accuracy increases to ±0.01 cm3/cm3 for temperatures 
between 0°C and 40°C (Delta-T Devices Ltd., 1999). 
Figure 1. Theta Probe soil moisture sensor. Prongs are 6 cm in length. The volume of soil 
contributing to the voltage measurement is a cylinder approximately 4 cm wide and 6 cm 
long. 
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Very limited literature is published related to calibration of the Theta probe. The 
manufacturer recommends calibration of this probe on the basis of a two-point approach, that 
is, comparing the gravimetric soil moisture content of a soil sample when wet and when dry 
to probe output from these samples, in order to obtain calibration coefficients. In many cases, 
inserting a probe in an oven-dried sample is not practical since the dried soil tends to become 
fragile. Furthermore, the accuracy of a two-point conversion is not likely to be high. 
Another approach that has been followed to calibrate the Theta probe and other dielectric 
probes is to conduct a series of laboratory measurements with multiple soil samples 
(Robinson et al, 1999; Seyfried and Murdock, 2004; Veldkamp and O'Brien, 2000). But a 
disadvantage of this approach is that the small number of soil samples used in these studies 
cannot quantify the various field conditions which vary with time and space thus, not 
reflecting the in-field conditions. 
Other researchers have carried out in field calibration of Theta probe by comparing Theta 
probe measurements with the gravimetric soil moisture measurements collected at the site 
(Hombuckle and England, 2004; Kaleita et al., 2005). But none of these studies analyzed the 
soil moisture as time series. Rather, each of the observations used in developing the 
calibration represented a single sample at a single point in time. Repeated measurements of 
the same sample were not made, thus the behavior of the Theta probe in tracking the 
moisture content over time of an individual sample is yet undocumented. 
In addition, most of the approaches being used for calibration purposes generally consider 
only one variable, that is, soil moisture. There is a possibility that other factors, as discussed 
above, might have some effect on the soil moisture readings from Theta probe. Kaleita et al. 
(2005) investigated the effect of temperature on the calibration of Theta probe, and 
concluded that the influence of temperature on calibration is over shadowed by other factors 
in the field, but was slightly evident in the laboratory setting. Very little other work has been 
done on this issue of Theta probe calibration. 
None of the above mentioned studies have studied the effect of change in soil surface 
conditions on Theta probe measurements. As discussed earlier, there is a possibility that 
these changes in soil surface conditions, in addition to soil temperature, can cause changes in 
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the structure of soil profile thus resulting in changes in the behavior of these moisture sensing 
instruments. 
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2: Background and Objective 
2.1 Background 
In order to understand the behavior of the Theta probe under various soil conditions, 
specifically with regard to soil crust and roughness, soil moisture as a function of time was 
measured for several crust and roughness treatments. 
Clarion and Webster soils, two of the common soil types in the state of Iowa, were used for 
the analysis. Samples were taken from approximately the top 8 to 10 inches of the soil, 
collected from the Agricultural Engineering farms of Iowa State University. Sub-samples of 
each were analyzed for soil textural breakdown. 
Clarion loam (2 to 5 percent slopes) consists of dark colored, well drained soils, moderately 
permeable soils on uplands and has been formed in glacial till. The Clarion sample was 
composed of 53% sand, 25% silt and 25% clay, and categorized as sandy clay loam on the 
basis of its texture. Webster loam (0 to 2 percent slopes) is a very dark gray colored soil and 
consists of poorly drained, moderately permeable soils on uplands. It has been formed in 
loamy glacial till and glacial sediments. The Webster sample was composed of 43% sand, 
28% silt and 28% clay, and categorized as clay loam on the basis of its texture. 
The soils were air dried and sieved through 4 mm sieve. The sieved soils were prepared in 30 
cm by 50 cm trays, with an 8 cm thick layer of soil over 5 cm of sand. A small plastic lateral 
drainage pipe was provided in the center of the tray, at the bottom of the sand layer, to allow 
for infiltrated water to drain out. The trays were positioned at a 5% slope and some were 
subjected to simulated rainfall events, using the rainfall simulator located in the Department 
of Agricultural and Biosystems Engineering at Iowa State University. 
Rainfall energy causes dispersion of soil particles, leading to the formation of crust on the 
soil surface, therefore simulated rainfall events were used to create different crusting 
conditions. So as to compare the effect of a crusted soil surface condition with a non-crusted 
soil surface condition, a rain event of 0 cm/hr rainfall intensity (equivalent to zero rainfall 
energy) was also considered. Since it is not possible to simulate a zero-energy event using the 
rainfall simulator, saturation of the soil using a siphon system was considered equivalent to 
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zero intensity rainfall. For this the drain pipe placed at the centre of the tray positioned at 5 % 
slope was attached to a water source at a height more than the height of the upper end end of 
the tray. The level of the water was maintained at this height if it dropped below it. The 
water source was connected at the down-slope end of the tray. The water from the water 
source flowed into the soil tray due to gravity potential. The water source was disconnected 
when the top of the soil surface and soil from the sides of the tray, which was clear, appeared 
to be wet. 
Dispersion of particles, and thus the potential for crust development, occurred when a 
simulated rain event of 4 cm/hr rainfall intensity was used. In order to induce another level of 
crusting potential, this 4 cm/hr rainfall was followed by another rain event of the same 
rainfall intensity. It was expected that the degree of crusting would increase when soil was 
subjected to another similar intensity (Bajracharya and Lai, 1998). Thus, there were a total of 
3 crusting conditions: 0 cm/hr rainfall, 4 cm/hr rainfall, and 4 cm/hr rainfall after 4 cm/hr 
rainfall. 
A drying arrangement comprised of heat and wind effect helped in development of crust. 
The heating effect was generated by using eight 300 Watt tungsten lamps and wind action 
was generated using a table fan. The crust was said to develop when the top layer of the soil 
was dry and hard to the touch, and cracks started appearing on the surface. Figure 1 shows an 
example of a crusted soil surface. The darker region visible in the lower right hand section of 
the tray was due to the dispersion of finer particles from upslope end towards the downslope 
end of the tray during a rain event. 
The degree of crust induced was categorized as the average crust thickness of five randomly 
selected locations in the soil tray. The thickness of the crust was measured using a vernier 
caliper. Research has shown both analytically and experimentally that crust thickness is 
proportional to the square root of the crust strength in rupture, and various field tests have 
indicated that crust strength in penetration is linearly related to its thickness (Upadhyaya et 
al. 1995). 
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Figure 2. Crusted soil sample. 
Thus, there is physical meaning to crust thickness. Also, the USD A has used thickness as a 
characterization of soil crust (USDA Natural Resources Conservation Service, 1996). 
Characterizing crust as crust thickness, though crude and difficult, due to its fragile nature, is 
a superior technique than categorizing it on the basis of visual assessment or change in the 
color of the soil, which has been used in some studies (Goldshleger et al., 2002). 
It was also expected that degree of roughness would have some impact on crust development 
and near-surface soil moisture dynamics. Two roughness treatments where therefore used, 
one with some degree of roughness and the other with no roughness on soil surface. For the 
no-roughness condition, the surface was not disturbed. For the roughness condition, varying 
degrees of initial roughness was imparted on the soil surface using a three-pronged hand 
cultivator (a garden tool), to simulate tillage. The exact degree of roughness imparted using 
this method varied each time. The rain events used to generate a crusted soil surface also 
helped in generating various degrees of roughness, similar to the way it evolves in an 
agricultural field setting where rain tends to wear down the roughness generated by the 
tillage implements 
A 64-pin soil profilometer was used to quantify the degree of surface roughness. Digital 
photographs of this profilometer were taken against a white background and were then 
analyzed with Image-Pro Plus software (Media Cybernetics, Silver Spring, MD). The digital 
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photographs taken were imported into the Image Pro software and spatial calibration of each 
photograph was done. The height of each pin from the reference line of the profilometer was 
then determined using the Image-Pro "manual measurements" tool. One photograph of the 
soil profilometer was taken at the upslope end, middle and down-slope end of the soil tray. 
Then a pooled standard deviation of all the heights calculated from the set of 3 photographs, 
for each run, was categorized as degree of roughness induced for that particular run. Table 1 
shows breakdown of different treatments that were given to the soil, for different runs. 
Table 1. Soi conditions created to generate different runs for each soil type. 
Run Siphon system Crust imparted with Roughness Previously 
Number used rainfall Treatment wetted 
1 X 
2 X 
3 X X 
4 X X X 
5 X X X 
Roughness and crust measurements were taken at the end of each run. Moisture 
measurements were taken at one hour intervals during the drying process. The moisture 
content of the soil was measured with a Theta probe inserted in one corner of the tray and the 
output from the Theta probe was converted to volumetric moisture content using equation (1) 
and equation (2). 
s=1 .07  +  6 .4F-6 .4F '+4.7F"  (1)  
Q - a^s +a0 (2) 
where V= Theta probe output voltage in Volts. 
8 = dielectric constant 
9 = volumetric moisture content after calibration, in cm3/cm3 
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a o, a i = coefficients whose value depend upon the soil type 
For this study a soil specific laboratory calibration equation, equation (3) determined for Des 
Moines Lobe Soils (Kaleita et al, 2005) was used to convert the dielectric to volumetric 
moisture content. 
Figure 3 shows an example of Theta probe measurements expressed in Volts and converted 
to volumetric soil moisture content through equations 1 and 3 presented above. The shapes 
of the two curves are almost identical. This is because the relationship between volts and 
volumetric soil moisture content, as estimated by the Theta probe, is nearly linear. In fact, 
the manufacturer provides an alternative linear formulation for equation 1. The linear 
version has an R2 value of 0.99, whereas the polynomial version shown in equation 1 is 
slightly more precise and has an R2 value of 0.998. 
Also, some steps are visible in the curves presented in figure 3. These are due to the 
sensitivity of the Theta probe, which is 0.01 V. Using equations 1 and 3, this is equivalent to 
a sensitivity in volumetric soil moisture content of 0.004 cm3/cm3 at 0.40 V, and 0.008 
cm3/cm3 at 0.95 V. These voltage values represent the range of outputs generated during the 
entirety of this research project. 
# = 0.118Vë-0.176 (3) 
• Theta probe measurements in Volts • Theta probe soil moisture content 
0.82 -r 0.37 
0.8 -I I m , 0.36 | 
à 0.78 
® m 
0.68 
0.66 
0.76 • • • • 
• • • 
• • • 
• • • 
• • 
• 
0.29 
0.28 
3 5 7 9 11 13 15 17 19 21 23 
Time (hrs) 
Figure 3. Example of Theta probe measurements in volts and as volumetric soil moisture content 
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The data generated through the above procedures therefore consists of several time-series of 
soil moisture data during the dry-down process, for a variety of surface conditions. In a 
typical dry-down curve initially there is a gradual decrease in moisture content with time but 
after a certain level the soil moisture becomes constant. Figure 4 shows an example of a 
typical dry-down curve. Assouline and Mualem (2003), for example, have studied dry-down 
curves after a rain event and illustrate this shape as well. The constant stage is achieved at a 
later stage when soil does not allow further release of soil moisture from its pores. 
0.40 
1 0.35 
c 
8 
s 
0.30 
| 0.25 
0.10 
0 5 10 15 20 25 30 35 40 45 50 55 
Time (hrs) 
Figure 4. A typical dry-down curve. This curve has been generated using one example of the 
gravimetric soil moisture data discussed in section 4. 
Figure 5 through Figure 14 show Theta probe soil moisture content as a function of time for 
both the soil types under different soil surface conditions. These figures also show error bars 
representing the rated repeatability of the Theta probe as specified by the manufacturer, for 
reference. The rated repeatability here means the expected repeatability from one probe to 
another, and not the error or noise from one measurement to the next using the same probe. 
The curves in these figures have been compared with the shape of a typical dry-down curve. 
Figure 5 and Figure 6 are for Webster Loam and Clarion Loam soil types, respectively, and 
show a condition when no rainfall energy is imparted over the soil surface (run 1). The soil 
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surface has zero roughness and zero crusting. In such a condition it is expected that the 
change in soil moisture due to the drying process would follow a typical dry-down curve. In 
both the figures, Figure 5 and Figure 6, it can be seen that moisture content decreases at a 
gradual rate initially and the curve tends to flatten as time increases, though a perfect 
constant moisture content is not achieved within the 24 hr period for which data was 
collected. In both these figures some "steps" can be identified. The dry-down curves in 
Figures 5 and 6 depict the expected shape of a dry-down curve, if steps are ignored. 
However, a second trial of the same treatments for each soil did not reveal a similar trend. 
Figures 7 and 8, show this second trial for the Webster and Clarion soil respectively (run 2). 
Figures 7 and 8 represent the same soil conditions as Figures 5 and 6. In Figures 7 and 8, 
however, the dry-down curves tend to be flat initially, for the first 10 to 12 hours, and then 
show a gradual decrease. The flatness of the curve in the first 10 to 12 hrs is much more 
prominent in Figure 8 than in Figure 7. The flatness in Figure 8 is seen within the moisture 
range of 38 percent to 40 percent, with a gradual decrease in soil moisture content thereafter. 
Figures 9, 10 and 11 (Webster) and Figures 12, 13 and 14 (Clarion) shows the dry-down 
curves for different soil surface conditions. Varying degrees of roughness and crust were 
induced using the above discussed treatments. All these curves, except Figures 10 and 13, 
show an elongated inverted S-shape. 
In both Figure 11 and Figure 14, the curves are approaching the shape of a typical dry-down 
curve. Figure 11 covers a moisture range of 17 percent toll percent which is a drier soil 
moisture condition when soil pores hold water very tightly and do not allow it to evaporate or 
infiltrate down to lower layers. It can be seen in all other figures that in the drier conditions, 
the curve tends to achieve the shape of a typical dry-down curve. Figure 14, however, shows 
a moisture range of 35 percent to 15 percent. Though a slight bend is seen in Figure 14, the 
shape of the curve is similar to the expected dry-down curve. In this case, with relatively high 
crust thickness and low soil roughness, the presence of bend has shifted towards the left. 
Since the change in position of bend that is the extent of initial flatness is changing with 
change in surface conditions therefore this suggests that there is a possibility that 
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combinations of different roughness and crusting conditions play an important role in either 
the dry-down pattern of the soil or the Theta probe measurements. 
There are several reasons that the true dry-down curves might be affected by the presence of 
crust. During evaporation, water at the surface decreases rapidly if a crust is present. 
Therefore, for first few hours of drying only the crust is fulfilling the evaporation demand. In 
this situation, then, the average soil moisture of the upper 0-6 cm, would remain relatively 
constant during the period of crust development, in which only the thin crust is drying. There 
is also the possibility that development of cracks with time, due to formation of a crust, also 
affects the dry-down of soil. Cracking of the soil surface creates fissures or air gaps in the 
soil profile thus exposing lower layers of soil to heat and wind action. 
Another possible explanation for this unusual shape could be that the conditions in the 
experimental setup created non-uniform heating and drying conditions. For example, it is 
expected that the lamps require some time to heat up, so the experimental environment might 
be cooler initially, thus though water would be evaporating from the surface at a slower rate 
than under hotter conditions. It is possible that once the temperature within the experimental 
setup gets to its hottest level, there is a rapid increase in evaporation and thus the dry-down 
curve approaches its expected shape. Also there might be a possibility that the error might be 
due to the heating up of the electronics and body of Theta probe with time but effect of 
heating of electronics was ignored for this study. 
Finally, the influence of soil temperature on the Theta probe itself cannot be ruled out as a 
possible explanation for the different dry-down curves. Kaleita et al. (2005) found that a 
higher temperature would lead to over estimation of soil moisture content by the Theta probe 
under the laboratory conditions, though the temperature effect seems to be overshadowed by 
other factors in a field setting. It is possible that the soil temperature in the cases described 
above increased initially for few hours and then attained a constant value once the system 
equilibrated. The initial flatness observed in various curves discussed could be due to over 
estimation by the Theta probe when the soil was heating up. 
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Figure 5.Theta probe soil moisture content as time series for Webster Loam Soil. Run 1: 0 cm/hr of 
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Figure 7.Theta probe soil moisture content as time series for Webster Loam Soil. Run 2: 0 cm/hr of 
rainfall intensity, zero roughness and zero crust surface condition. 
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Figure 8.Theta probe soil moisture content as time series for Clarion Loam Soil. Run 2: 0 cm/hr of 
rainfall intensity, zero roughness and zero crust surface condition. 
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Figure 9.Theta probe soil moisture content as time series for Webster Loam Soil. Run 3:0 cm/hr of 
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Figure 10.Theta probe soil moisture content as time series for Webster Loam Soil. Run 4: 4 cm/hr of 
rainfall intensity (1st rain event), roughness = 0.53 cm and crust thickness= 0.15 cm. 
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Figure 11 .Theta probe soil moisture content as time series for Webster Loam Soil. Run 5: 4 cm/hr of 
rainfall intensity (2nd rain event), roughness =0.35 cm and crust thickness =0.25 cm. 
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Figure 12.Theta probe soil moisture content as time series for Clarion Loam Soil. Run 3: 0 cm/hr of 
rainfall intensity, roughness = 0.58 cm and zero crust surface condition. 
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Figure 13.Theta probe soil moisture content as time series for Clarion Loam Soil. Run 4: 4 cm/hr of 
rainfall intensity (1st rain event), roughness = 0.6 cm and crust thickness= 0.54 cm. 
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Figure 14.Theta probe soil moisture content as time series for Clarion Loam Soil. Run 5:4 cm/hr of 
rainfall intensity (2nd rain event), roughness = 0.2 cm and crust thickness = 0.65 cm. 
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2.2 Objective 
The dry-down curves presented above showed, as discussed, some behavior that was not in 
keeping with the dry-down phenomena typically observed. One possible explanation is that 
changes in soil temperature during the drying of the soil caused spurious response in the 
Theta probe. Thus, the objective of this study was to determine whether or not the influence 
of soil temperature was significant enough to cause inaccuracies in estimating the dry-down 
curves of soil samples under various surface conditions. 
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3: Materials and Methods 
The observed dry-down curves for various surface conditions discussed previously indicate a 
need to verify the performance of the Theta probe and to investigate the effect of temperature 
on Theta probe measurements. Two tasks were thus identified in order to achieve the 
objective of determining if soil temperature was a factor in performance of the Theta probe. 
In the first set of experiments, in order to determine whether the previously observed dry-
down curves were a result of the behavior of the Theta probe or the behavior of the soil itself, 
we compared Theta probe measurements to simultaneous gravimetric measurements, under 
similar conditions as in the experiments discussed in section 2 .1 .  
Then, in a second set of experiments, temperature measurements were made along with 
Theta probe and gravimetric measurements, in order to determine if temperature is a 
significant influence on the Theta probe performance and if so, to what extent. 
These experiments were performed using Clarion Loam soil. 
3.1 Soil Samples 
As in the background experiment, samples of Clarion soil were taken from approximately the 
top 8 to 10 inches of the soil, collected from the Agricultural Engineering farms of Iowa 
State University. Subsamples of were analyzed for soil textural breakdown. 
As discussed earlier, Clarion loam (2 to 5 percent slopes) consists of dark colored, well 
drained soils, moderately permeable soils on uplands and has been formed in glacial till. The 
Clarion sample was composed of 53% sand, 25% silt and 25% clay, and categorized as sandy 
clay loam on the basis of its texture. The soil was air dried and sieved through a 4 mm sieve. 
3.2 Experimental set up 
A 10 cm layer of air-dried sieved soil was packed in 30 cm by 50 cm by 16 cm deep tray. A 
drainage pipe, provided in the center of the bottom of the tray, was used to saturate the soil 
using siphon system. It also allowed water to drain out of the tray so that soil reached its field 
capacity. This soil tray was positioned at a 5% slope on a weighing scale (OHAUS Balances 
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and Scale, Pine Brook, NJ). The 5 % slope was given to help in drainage of soil. The change 
in moisture content was observed as a function of change in weight of the soil with time. A 
lighting (8 lamps of 300 Watts) and fan arrangement was used to dry the soil. Serial Port 
interfacing between the scale and a computer was done using MATLAB to continuously 
record the measured weight of soil by the weighing scale at one hour intervals for a period of 
48 hours. The percent moisture content (kg/kg) was defined as the ratio between the 
difference of the dry and wet weights of the soil and the dry weight of the soil. The moisture 
content was calculated on the dry weight basis. Bulk density of the soil was also measured to 
facilitate conversion of the gravimetric moisture content data to a volumetric basis; this bulk 
density was measured at 1.17 g/cm3. A Theta Probe, which also recorded readings at one 
hour interval for 48 hours, was inserted in a corner of the soil tray. 
Figure 15 shows the experimental set up described above. 
Figure 15. Experimental set up 
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Soil crust and soil roughness were also measured for each experimental run, using the same 
procedures describes in section 2. These roughness and crust measurements were taken at 
the end of each run. 
3.3 Verification and testing of Theta probe performance 
The soil was saturated using siphon system. The soil was then left to drain out so that it 
reached its field capacity. Once the soil reached the field capacity the data logging from the 
scale and the Theta probe was started. Data was collected at an interval of one hour. If the 
Theta probe were performing as expected, there would be a linear relationship between the 
gravimetric and theta probe measurements. This treatment was tested twice. A calibration 
was then developed between the Theta probe voltage readings and the volumetric soil 
moisture contents determined from the gravimetric measurements. 
To further evaluate the performance of the Theta probe, several additional experimental runs 
were performed with the same setup. However, in these additional runs, some degree of 
surface roughness and soil crust were imparted, in order to determine whether the Theta 
probe performance, compared to actual soil moisture, was affected due to the presence of 
roughness and crusting. 
Roughness was induced and measured in a similar way as described in section 2.1. After 
inducing roughness in the soil surface the tray was allowed to dry and simultaneous 
measurements with the Theta probe and weighing balance were recorded by the data logging 
devices. This roughness treatment resulted in rough soil surface condition with zero crust. 
Once the soil had dried it was subjected to simulated rainfall of 10 cm/hr of rainfall for a 30 
minute duration using the rainfall simulator located in the Department of Agricultural and 
Biosystems Engineering at Iowa State University (ISU). This is a programmable nozzle type 
simulator and the velocity with which the drop is formed and released depends upon the 
pressure created. The simulator has 12 nozzles located in 3 rows with 4 nozzles per row. The 
lateral spacing between nozzles is 77 cm and the spacing between the nozzles in the same 
row is about 110 cm. During the rainfall simulation, nozzles sweep back and forth in a 90 
degree arc with a frequency of 1 oscillation per second. The height of rainfall simulator from 
the soil sample is 300 cm. Although repeatable intensities are easy to obtain in this kind of 
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simulator (by controlling the water pressure), it is difficult to get completely uniform rainfall 
over the area below the simulator. 
The high intensity rainfall simulation of 10 cm/hr for half hour duration was carried out to 
decrease the degree of roughness and to induce crust in the soil surface. The drying 
arrangement helped in development of crust. Crust thickness and degree of roughness was 
measured as described in section 2.1 at the end of this run. This treatment resulted in a rough 
and crusted soil surface condition. 
Finally, another run was made in which soil was subjected to 9 cm/hr of rainfall intensity for 
30 minutes, but without inducing any roughness in the soil. It was expected that high energy 
rainfall on a relatively smooth soil surface would lead to dispersion of finer particles and thus 
result in development of crusted surface when as the soil dried. This treatment yielded a 
crusted soil surface with zero roughness. This soil tray was subjected to a second rain event 
of the same rainfall intensity and duration. This was done to impart a different degree of 
crusting at the surface. 
3.4 Testing the effect of soil temperature on Theta probe performance 
Two runs using the siphon system described above were made; in these two runs, a 
rectangular temperature probe of dimensions 4.5 cm x 3.05 cm x 1.5 cm was placed in the 
soil bed at a depth of 3 cm and around 5 cm away from Theta probe and temperature was 
recorded at one hour intervals during the duration of the drying process. Temperature probe 
used was a Stow Away Internal Temperature Data Logger (Onset Computer Corporation, 
Bourne, MA). Though for both these runs siphon treatment was given but a crust did develop 
on the soil surface when it was subjected to drying 
Soil temperature was also recorded for both the runs in which soil was subjected to 9 cm/hr 
of rainfall intensity, described above. 
Thus, a total of eight runs were made. Table 2 provides a breakdown of the conditions. 
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Table 2. Soil conditions created to generate different runs. 
Run Number Siphon 
system used 
Crust 
imparted 
with rainfall 
Roughness 
imparted 
Temperature 
measured 
Previously 
wetted 
1 X 
2 X X 
3 X X 
4 X X X 
5 X X 
6 X X X 
7 X X 
8 X X X 
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4: Results and Discussion 
In this study, a set of experiments were designed to compare the Theta probe measurements 
with the true soil moisture content as measured by the scale. 
The first task, as outlined in section 3, was to test whether the observed behavior in the dry-
down curves was due to the behavior of Theta probe, or to the drying of the soil. Therefore to 
test and verify Theta probe performance, the dry-down curves derived from Theta probe and 
gravimetric measurements were compared. Equations 1 and 3 were used to convert Theta 
probe output to volumetric soil moisture content. Figure 16 shows the dry-down curves for 
all the runs. The Theta probe measurements in Figure 16 have been represented as volumetric 
soil moisture content so that various wetness and drying conditions, in general, can be easily 
identified. 
A comparison of figure 16 (a) with figure 16 (b) shows that for different runs, the dry-down 
curves from gravimetric measurements follow a typical dry-down curve (see figure 4), but 
for a number of the cases, the Theta probe measurements show an inverted S-shape similar to 
that discussed in section 2. In particular, runs 2,3,5 and 6 exhibit more or less the expected 
dry-down curve in both the gravimetric and Theta probe measurement, while runs 1,4,7 and 
8 do not. The breakdown of these curves was done on the basis of a correlation analysis 
between gravimetric and Theta probe soil moisture content. The runs showing a correlation 
(r-value) of 0.990 and above were categorized as curves showing almost linear relationship 
between actual soil moisture and Theta probe soil moisture content. A comparison of 
gravimetric and Theta probe data for all of the runs, broken into these two sets, is shown in 
figure 17. 
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Figure 16. Dry-down curves for all the runs: (a) Theta probe soil moisture measurements (b) Actual 
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Figure 17. Relationship between actual and Theta probe soil moisture measurements: (a) Runs 
showing nearly linear relationship (b) Runs showing a nonlinear relationship. 
Though there are some cases in which the Theta probe measurements and the gravimetric 
measurements exhibit a linear relationship, as shown in figure 17(a), there are also some 
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cases which show a nonlinear relation between Theta probe and actual soil moisture content, 
as shown in figure 17(b). The linearity in the relationships was further confirmed by doing 
correlation analysis between gravimetric and Theta probe measurements which showed a 
correlation coefficient at or above of 0.99 for runs 2, 3, 5 and 6. 
Another observation is that run 1 and run 2, which have similar soil surface conditions, do 
not show a similar shape. Run 2 is nearly linear whereas run 1 show a nonlinear behavior. A 
possible explanation could be the antecedent soil condition. Run 1 began with air-dried soil 
and run 2 began with previously wetted soil. Run 1 is representative of the condition of the 
soil near the surface when it is has been disturbed and dried. Run 2 represent a soil that, 
while dry, has been recently wetted and not disturbed since. Wetting and then drying of an 
air dried soil can cause hysteresis which might have affected the Theta probe measurements. 
But there are also cases having similar antecedent soil conditions that do not behavior in 
similar way with respect to Theta probe soil moisture estimation. For example, run 4 had a 
previously wetted condition, but did not behave in the same way as run 2 or run 6. Run 5 
which was not previously wetted, does not behave same as run 1, which was also no 
previously wetted. A consistent behavior with respect to shape of the curves is not seen in 
Theta probe whereas a consistent behavior is noticed in gravimetric measurements. 
Because the Theta probe is not showing a consistent behavior in measuring the dry-down 
curves, there is a possibility that the observed behavior is due to some effect of temperature 
on Theta probe measurements. Previous research has suggested a slight temperature 
dependence of the Theta probe (Kaleita et al., 2005). 
Over the course of the experiments, the soil temperature tended to vary, due to the heating 
from the lamps and the drying of the soil. The ambient temperature, which was not 
controlled or measured, may also have played a role. Figure 18 shows the change in 
temperature with time for the runs for which temperature was recorded. If changes in the soil 
temperature affected the Theta probe, it could cause the response of the Theta probe to be 
nonlinear with respect to changes in soil moisture content. 
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Figure 18. Temperature vs. Time. 
In order to investigate this issue, two calibration equations were developed, one without 
considering the effect of temperature and other taking into the effect of temperature, and the 
relative fitness of these equations was compared. Since temperature was recorded for runs 5, 
6, 7 and 8 only, this data was used for further analysis. 
Equation 4 is the calibration equation developed using the data from runs 5, 6, 7 and 8 
without taking into account the effect of temperature. The following equation (R2 = 0.72) was 
developed through a regression analysis: 
8 = dielectric constant as calculated using equation 2 
Figure 19 shows the results obtained when this calibration equation was applied on runs 5, 6, 
7 and 8. 
# = 0.107*Vs-0.159 (4) 
where 9 = soil moisture content in cm3/cm3 
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Figure 19. Relationship between Theta probe measurements and actual soil moisture content after 
equation 4 was applied on Theta probe measurements. 
The gravimetric measurements and their corresponding temperature measurements were then 
used to develop a new calibration; this could then be compared to the calibration which did 
not include temperature in order to determine if there was any improvement. This equation 
(R2 = 0.73), developed through a multiple linear regression, is: 
# = 0.0976 * Vs - 0.002 * T - 0.0674 (5) 
where 9 = soil moisture content in cm3/cm3 
8 = dielectric constant calculated using equation 2 
T= soil temperature at 3 cm in °C 
Figure 20 shows the results of applying equation 5 on the Theta probe measurements for 
those experiments for which temperature measurements were recorded. On comparing 
figures 18 and 20, it is observed that there is a very slight change in shape of the curves. To 
quantify the significance of this affect, a t-test was performed. This analysis showed that 
temperature had an insignificant effect (p = 0.13) on Theta probe measurements. 
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Figure 20. Relationship between Theta probe and actual soil moisture content after applying 
calibration equation including temperature 
As another check of these results, equation 6 below was used to convert the Theta probe 
measurements to volumetric moisture content. This is a laboratory-based calibration for Des 
Moines Lobe soils including a temperature term (Kaleita et al., 2005); this equation was 
developed from experiments in which both moisture and temperature were controlled. 
0 = 0.124s - 0.00143 *7-0.162 
where 9 is the volumetric moisture content 
8 is the dielectric constant 
T is the temperature in 0 C 
(6) 
Figure 21 shows the results obtained after applying equation 6. Though a shift in values has 
been observed the shapes of curves is nearly the same as those in figure 20. 
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calibration equation (6) 
The curves in both figure 20 and figure 21 show a slight improvement when temperature is 
included, but a statistical analysis indicated that temperature has an insignificant effect on 
Theta probe soil moisture measurements. Though there might be some effect of temperature, 
it is not significant enough to be accounted for, nor does it explain the observed nonlinear 
relationship between the probe estimates and the gravimetric measurements. This implies that 
there is a need to account for certain other factors for calibration of Theta probe. The effect 
of soil surface conditions as discussed in section 2.1 cannot be ruled out. But due to crude 
measurement techniques used for surface roughness and crust thickness, quantifying their 
effect is difficult as part of this study. In all the curves shown in this study it has been noticed 
that Theta probe behaves differently under different surface conditions; this further creates 
questions on the feasibility and precision of this probe for validation purposes. 
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5: Conclusions and Recommendations 
5.1 Summary and conclusions 
This study mainly focused on the effect of surface soil conditions and soil temperature on 
Theta probe measurements. Initially, soil moisture content measured using Theta probe and 
collected as part of another study was analyzed as a function of time. This data was collected 
under different soil surface conditions generated using roughness and crust treatments 
described in section 2.1. It was observed that moisture content as a function of time was not 
following the shape of a typical dry-down curve. It was possible that the observed trend 
could be because the behavior of the soil itself was atypical, or because the behavior of the 
Theta probe was not linear. One of the factors which might affect the Theta probe is soil 
temperature, as observed in previous research. Therefore, the objective outlined for this 
study was to determine whether or not the influence of soil temperature was great enough to 
cause inaccuracies in estimating the dry-down curves of soil samples under various surface 
conditions. 
To achieve the above stated objective a new data set, as explained in section 3.2, was 
collected and Theta probe measurements were compared with actual moisture content 
derived from gravimetric measurements. On comparing the two, it was observed that though 
the gravimetric measurements followed the shape of a typical dry-down curve, many Theta 
probe measurements showed the inverted S-shape as observed in section 2. It was also 
noticed that for two siphon treatments, run 1 and run 2, the relationship between actual and 
Theta probe measurements for run 2 was nearly linear where as for run 1 it was nonlinear. 
Data for run 2 was collected after completion of run 1 and rewetting the same soil using the 
siphon system. The difference between these two runs might be due to hysteresis that occurs 
under such conditions. However, there were also some runs with similar antecedent 
conditions that were behaving differently than each other. 
A correlation analysis yielded that though there were runs (2, 4, 5, and 6) that showed almost 
a completely linear relation (r-value 0.990 and higher) between the Theta probe and 
gravimetric measurements, there were a few runs (1, 3, 7 and 8) that showed a nonlinear 
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relationship between Theta probe and actual soil moisture content. The observed shape of the 
dry-down curves derived from Theta probe measurements and their comparison with 
gravimetric measurements indicated that Theta probe measurements were influenced by 
some additional factor. One possibility was soil temperature. Therefore, the effect of 
temperature was evaluated and quantified by comparing the results obtained using two 
calibration equations, one which included the effect of temperature and the other not 
considering the effect of temperature. 
Though the R2 value for the calibration equation inclusive of a temperature term (equation 4) 
was a little higher than that of the equation without a temperature term (equation 3), a t-test 
conducted on the estimate of temperature concluded that the effect of temperature on Theta 
probe measurements was insignificant. Furthermore, some nonlinear behavior in the probe 
output was still present. These results were further confirmed by applying a laboratory 
calibration equation, with temperature term, developed by Kaleita et al. (2005) under 
conditions where soil moisture and temperature were controlled. Application of this equation 
led to a shift in the measured soil moisture values, but no change in the shape of the curves 
was noticed. It was inferred that though inclusion of temperature somewhat influenced the 
shape of the curves, its effect was not significant. Therefore there is a possibility that other 
factors like soil surface condition involving roughness and crusting might have some 
influence on Theta probe measurements. 
Though the inferences have been made on limited data, the experiments were designed to 
simulate typical variability as present in the natural field environment. It has also been 
observed that Theta probe performance varied depending on the history of the soil, whether it 
was previously wet or dry. Thus questions arise regarding the use of this probe in real field 
conditions where soil is continuously dried, wetted and worked upon. 
One limitation of this work is that the Theta probe represents a point measure. In this study, 
the probe measurements have been compared with conditions and gravimetric measurements 
for the entire box. However, this situation also reflects the type of situation under which the 
Theta probe is frequently calibrated. For example, in the SMEX02 and SMEX05 field 
experiments (Narayan et al. 2004; Jacobs et al., 2004; Cosh et al 2005), Theta probes were 
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calibrated by taking three soil samples from within approximately the same square meter as 
where three probe measurements were taken, for each sampling occasion. In that situation, 
the probe and gravimetric measurements were both point samples, but were not strictly 
collocated. When used as a rough estimate of soil moisture, this approach is likely suitable. 
However, as shown in this study, there may be problems with such a calibration if precise 
tracking of the soil moisture status is needed. 
The mismatch in measurement scale for this study also underscores the difficulties in trying 
to compare point measurements to remotely sensed data, where the different in scale is orders 
of magnitude larger than the scale differences in this study. 
5.2 Recommendations for future research 
This study leaves some unanswered questions regarding the behavior of Theta probe under 
different soil surface conditions, like the extent of the effect of crusting and roughness on the 
micro structure of the soil profile and thus its effect on Theta probe measurements. Use of 
more precise measures of soil surface crust and roughness would help to understand the 
effect of these conditions at microstructure level and thus could be valuable to determine 
whether or not these conditions affect the performance of the Theta probe. For example, 
future research could use a small-scale laser profiler to characterize the soil roughness, and a 
pin penetrometer could be used to measure the crust strength. Since the main objective of this 
study was to evaluate the effect of temperature on Theta probe measurements it was not felt 
feasible to use these precise instruments. These more precise measures could allow for a 
complete study of the response of the Theta probe to different soil surface conditions. This 
information would help us to determine the feasibility and precision of Theta probe in 
spatially and temporally varying field conditions. Also analyzing the effect of antecedent soil 
condition and hysteresis on Theta probe would help answering the questions regarding the 
precision of Theta probe. 
Finally, in this study we compared point based observations to measurements from a larger 
area. Therefore, more trials of the Theta probe should be done using a smaller study volume. 
For example, a soil sample the size of the volume of influence of the Theta probe could be 
used, rather than the soil tray used in this study. 
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Appendix 
Table la. Crust thickness for Webster Loam and Clarion ivoam soils for Section 2 
Soil Type Webster Clarion 
Run Number Range Average Value Range Average Value 
1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 0.1-0.2 0.15 0.5-0.7 0.6 
5 0.2-0.3 0.25 0.5-0.8 0.65 
Tablelb. Crust thickness for Clarion Loam soil for Sections 3 and 4 
Run Number Range Average Value 
1 0 0 
2 0 0 
3 0 0 
4 0.23-0.3 0.26 
5 0.29-0.34 0.32 
6 0.26-0.48 0.37 
7 0.22-0.46 0.34 
8 0.31-0.5 0.41 
6 0.26-0.48 0.37 
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Table 2a. Roughness measurements for Webster Loam and Clarion Loam soils for Section 2. 
Dashes indicate that data was not collected for these runs since no roughness had been 
imparted. 
Soil Type Webster Clarion 
Run 
Number taw data Average taw data Average 
1 „ „ . „ „ „ . „ 
2 
3 0.58 0.68 0.60 0.61 0.59 0.53 0.60 0.58 
4 0.62 0.55 0.44 0.53 0.42 0.54 0.65 0.54 
5 0.24 0.33 0.50 0.35 0.10 0.28 0.21 0.20 
Table 2b. Roughness measurements for Clarion Loam soil for Sections 3 and 4. Dashes 
indicate that data was not collected for these runs since no roughness had been imparted. 
Run Number Raw Data Average 
1 
2 
3 0.54 0.81 0.92 0.76 
4 0.31 0.20 0.34 0.28 
5 
6 
7 
8 
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